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Abstract

Fish oil supplementation is widely used for reducing serum triglycerides (TAGs) but has
mixed effects on other circulating cardiovascular biomarkers. Many genetic polymorphisms
have been associated with blood lipids, including high- and low-density-lipoprotein choles-
terol (HDL-C, LDL-C), total cholesterol, and TAGs. Here, the gene-diet interaction effects of
fish oil supplementation on these lipids were analyzed in a discovery cohort of up to 73,962
UK Biobank participants, using a 1-degree-of-freedom (1df) test for interaction effects and a
2-degrees-of-freedom (2df) test to jointly analyze interaction and main effects. Associations
with P< 1x107%in either test (26,157; 18,300 unique variants) were advanced to replication
in up to 7,284 participants from the Atherosclerosis Risk in Communities (ARIC) Study.
Replicated associations reaching 1df P < 0.05 (2,175; 1,763 unique variants) were used in
meta-analyses. We found 13 replicated and 159 non-replicated (UK Biobank only) loci with
significant 2df joint tests that were predominantly driven by main effects and have been pre-
viously reported. Four novel interaction loci were identified with 1df P < 5x1078 in meta-anal-
ysis. The lead variant in the GJB6-GJB2-GJA3 gene cluster, rs112803755 (A>G; minor
allele frequency = 0.041), shows exclusively interaction effects. The minor allele is signifi-
cantly associated with decreased TAGs in individuals with fish oil supplementation, but with
increased TAGs in those without supplementation. This locus is significantly associated with
higher GJBZ2 expression of connexin 26 in adipose tissue; connexin activity is known to
change upon exposure to omega-3 fatty acids. Significant interaction effects were also
found in three other loci in the genes SLC12A3 (HDL-C), ABCA6 (LDL-C), and MLXIPL
(LDL-C), but highly significant main effects are also present. Our study identifies novel
gene-diet interaction effects for four genetic loci, whose effects on blood lipids are modified
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by fish oil supplementation. These findings highlight the need and possibility for personal-
ized nutrition.

Author summary

We utilized the unprecedentedly large genotype and phenotype dataset in the UK Biobank
to perform a genome-wide association study (GWAS) which accounts for the interplay
between genotype and dietary intake. We examined the interaction effects of fish oil sup-
plementation on levels of blood lipids (LDL-C, HDL-C, TAGs, and total cholesterol). Our
findings were replicated in the Atherosclerosis Risk in Communities (ARIC) Study. We
found that at the genetic variant rs112803755 (A>G), the minor allele (G) is associated
with a decrease in TAGs among individuals with fish oil supplementation, but is associ-
ated with an increase in TAGs among those without supplementation. In other words,
only individuals carrying the minor allele benefit from fish oil supplementation in reduc-
ing TAG levels. We further analyzed rs112803755 with functional genomics data from the
Genotype-Tissue Expression (GTEx) project to identify potential target genes, and found
a connexin coding gene which has been previously reported to respond to cellular omega-
3 levels. This research suggests that inter-personal variation in TAG response to fish oil
supplementation is in part explained by genotype, and that fish oil dose adjustment based
on genotype should be investigated as a means to protect against cardiovascular disease
risk.

Introduction

Dyslipidemia, characterized by imbalances in low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), and triglycerides (TAGs), is a common predic-
tive factor for metabolic conditions such as cardiovascular disease and type 2 diabetes [1,2].
Use of dietary supplements in lieu of xenobiotic pharmaceuticals for the management of dysli-
pidemia may produce comparable benefits with fewer side effects [1,2]. In particular, the
omega-3 long-chain polyunsaturated fatty acids (n-3 LCPUFAs) eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) supplied by fish oil supplements are an effective treatment
for hypertriglyceridemia, though results are mixed for LDL-C and HDL-C [3-5]. Genetic poly-
morphisms have been consistently associated with intra- and inter-population differences in
levels of LDL-C, HDL-C, total cholesterol, and TAGs [6,7]. Gene-environment interactions
(GEIs; specifically, gene-diet interactions) between n-3 LCPUFAs and genetic variants have
been reported, though few have been replicated, likely due to small sample sizes and inconsis-
tencies in study designs such as study length and supplement dosage [8]. Studies of GEIs may
reveal novel genetic loci that are otherwise obscure in conventional main-effect-only associa-
tion studies, and may identify genetic loci whose phenotypic effects are modifiable by specific
environmental exposures. Further identification of these GEIs may help explain both missing
heritability in lipid biomarker traits [9], and heterogeneity of individual lipid response to fish
oil supplementation [8,10-13].

To identify genomic factors which interact with n-3 LCPUFAs supplementation to affect
levels of blood lipids, we performed a genome-wide association study (GWAS) among par-
ticipants of the large UK Biobank cohort [14]. We used only participants whose genetic eth-
nic grouping is Caucasian, the largest sample available, to avoid population stratification
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[15]. The focus on single-ancestry groups is particularly important in studies related to
LCPUFASs because their metabolic genes have been shown to undergo genetic adaptation to
local diets in multiple geographical regions, and exhibit population-specific allele frequency
patterns [16,17]. We used both the traditional 1-degree-of-freedom (1df) interaction test and
a 2-degrees-of-freedom (2df) joint test to evaluate interactions between genetic variants and
fish oil supplementation on blood lipid phenotypes. The 2df joint test evaluates single nucle-
otide polymorphism (SNP) main effects and interaction effects jointly, and therefore has
higher power to detect SNPs with moderate main effects and moderate interaction effects
that would otherwise be missed in the 1df test [18-20]. This method has recently been
employed to examine the GEIs of these lipid traits with smoking [21], and sleep duration
[22]. We further confirmed promising UK Biobank findings in a US cohort, the Atheroscle-
rosis Risk in Communities Study (ARIC). Replicated SNPs were utilized in a meta-analysis
of these studies to reveal new gene-diet interaction loci.

Results
Cohort demographics

Stage 1 discovery analyses were performed in up to 73,962 genetically Caucasian UK Biobank
participants (S1 Table). Approximately 15.8% of these participants answered yes to taking fish
oil supplements on dietary questionnaires at two time points taken between one and five years
apart. The percentage male, mean age and BMI of UK Biobank participants were ~46.6%,

55.6 + 7.9 (+1 SD) years old, and 27.0 + 4.6 kg/m?, respectively. Stage 2 (replication) analyses
were performed in up to 7,284 white participants in the ARIC cohort study. Approximately
1.4% of these participants answered yes to taking fish oil at one time point during their pri-
mary assessment. The percentage male, mean age and BMI of ARIC participants were ~47.0%,
54.3 + 5.7 years old, and 26.9 + 4.7 kg/m?, respectively.

Gene-diet interaction GWAS

A three-stage discovery, replication, and meta-analysis approach for identification of signifi-
cant GWAS loci was adopted for the blood lipid phenotypes LDL-C, HDL-C, total cholesterol,
and TAGs (Fig 1). Genomic control (GC) correction was applied during Stage 1 2df P-value
calculation and Stage 3 2df P-value calculation; lambda (A) values after GC correction were 1.
GC values of 1df P-values for Stage 1 and Stage 3 were < 1, therefore GC correction was not
necessary.

Variants with 1df or 2df P < 1x10 % in a gene-fish-oil interaction GWAS model (Eq (1))
were selected for replication (S2 Table). For the four lipid traits, LDL-C, HDL-C, total choles-
terol, and TAGs, 26,157 associations (18,300 unique variants) met this criterion (S1 and S2
Figs).

Stage 2 replication analyses were performed in up to 7,284 white participants in the ARIC
cohort (S1 Table). A gene-fish-oil interaction GWAS model was performed. Variants passed
from Stage 1 with 1df P < 0.05 were considered as replicated. Of the 26,157 associations from
Stage 1, a total of 2,175 associations (1763 unique variants) for the lipid traits were replicated
(S3 Table) and passed to the meta-analysis step. There were also 17,259 associations (12,440
unique variants, 85 unique loci; S4 and S5 Tables) which reached genome-wide significance
in Stage 1 (P < 5 x 10~®), but were not replicated in Stage 2, and therefore not sent to meta-
analysis. All of the 85 lead variants had significant 2df joint test P-values, and none of their 1df
interaction P-values approached significance, suggesting these variants influence lipid traits
predominantly through main effects.
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Gene-diet interaction GWAS model:
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~15.8% of Stage 1 participants taking fish oil supplements.
Variants with P < 1*10-¢ at 1df interaction beta and/or 2df joint test
(D‘?’éigs e1 et N = 73832 7 (1df) + 7922 (2df) variants - 42 loci
") | HoL: N = 67544 2 (1df) + 6858 (2df) variants - 49 loci
iG: N = 73962 10 (1df) + 4985 (2df) variants = 37 loci
TAGs: N = 73908 16 (1df) + 6360 (2df) variants > 35 loci
26157 associations to
replication

~1.4% of Stage 2 participants taking fish oil supplements.
Variants with P < 0.05 in Stage 2 1df interaction beta term

RSt?_get? LDL: N=7180 716 replicated variants

(Replication) | 1. N = 7284 320 replicated variants

TC: N = 7283 485 replicated variants

TAGs: N = 7284 654 replicated variants

2175 associations to
meta-analysis
Replicated variants in Stage 1 + 2 joint meta-analysis reaching
genome-wide significance (P < 5 x 1078) at 1df and/or 2df test
Stage 1+2 1df 2df

(JMA) LDL: 4 variants (2 loci) 16 variants (4 loci)
HDL: 1 variant (1 loci) 10 variants (5 loci)
TC: 0 variants 3variants (2 loci)
TAGs: 11 variants (1 loci) 24 variants (5 loci)

Fig 1. Overview of the analysis performed in this study. A three-stage discovery, replication, and meta-analysis
process was used to identify significant variants. Stage 1 revealed 26,157 associations with 1df and/or 2df P < 1x10™® in
a cohort of up to 73,962 participants. Of these associations, 2,175 were replicated in a cohort of up to 7,284
participants. In meta-analysis, 4 1dfloci (Table 1) and 16 2dfloci (13 additional loci, Table 2) reached the genome-
wide significance of P < 5 x 10™%, TC, total cholesterol; TAGs, triglycerides.

https://doi.org/10.1371/journal.pgen.1009431.9001

Meta-analysis of Stage 1 and Stage 2 results for both 1df and 2df tests were performed for
each blood lipid phenotype. Significant variants were defined in meta-analysis as those meet-
ing the genome-wide significance threshold in their 1df or 2df tests (P < 5 x 10~®). This
revealed 16 novel and significant 1df associations (4 unique loci; Table 1) and 53 significant
2df associations (11 unique loci; Table 2 and S6 Table). One variant, rs112803755 (GJB6;
A>G; minor allele frequency (MAF) = 0.0410) had a significant 1df interaction term and
no significant 2df or main effects terms. In the discovery cohort, the minor allele of SNP
rs112803755 is associated with a strong decrease in TAGs among those taking fish oil supple-
ments (BgE=1) = -0.12 mmol/L, P = 5.59x107°), but is suggestively associated with a mild
increase in TAGs for those without supplementation (Bgg=o) = 0.030 mmol/L, P = 0.024),
resulting in a significant interaction effect (1df P = 1.95x107). There is no association between
the SNP main effects and TAGs in the UK Biobank (Bg = 0.0063 mmol/L, P = 0.60) if not con-
sidering the interaction effect. Meta-analysis revealed that the interaction effect at this SNP
reaches genome-wide significance (1df P = 5.65 x 10~'°). Three additional variants have both
significant 1df interaction and 2df joint test P-values in the meta-analysis: rs799157 (MLXIPL;

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009431 March 24, 2021 4/20


https://doi.org/10.1371/journal.pgen.1009431.g001
https://doi.org/10.1371/journal.pgen.1009431

Gene-diet interaction GWAS of fish oil on lipid traits

PLOS GENETICS

L0O¥ LEY6001 uahd [euinolyL L€ 1°01/B10"10p//sdpy

(yuerre A uonuy
91 16 ¢L10°0 EYZIOTS)
90-d6%'¢ | TI-449°S | -HOL'C |¥PSL9 | -d¥O'S 91-978°'1 61L%0°0 | #€LL°0 | 8TETO0 | ¥6550°0 | ¥C8VL | TAH | /92200 3 (1220°0)® FOVIE68T 18T SSPP1695:91
(uerrep
ISUISSIIA
€2 €9 YET00 9vO4dY)
€0-49S°T | 1T-dPTY | -dO¥'S | Ce8eL || -d8S9 60-48V'v $CCro| 006'1- | S6¥90°0 | I¥L1°0 | CTIOI8 | TAT | /92200 e (8120°0) 8 COTTYSLLSE 8LTT180L9:LT
(yuerrep
SNOWAUOUAS
80 €€ 1100 “TdIXTIV)
Y0-d¥1°8 | 90-49¢'S | -de€e'€ | Te8EL | -HE6'I 11-926°1 TL€T°0 | 6SP'T |8L950°0 | C91L0°0 | CTI0T8 | TAT | /SEV00 2 (£0¥0'0) 1 LST66L81 10€020¢€L:L
(weansumop
75€0°0 dq 0595~ :949/D)
G0-46S°S | CO-HC¥'C | L009°0 | 806€L || L¥PCIO0 01-459°S 8%01°0 | ¥80€°0- | L¥PP0'0 | TLTVO0 | T6118 | SOV.L | /91¥0°0 e (01%0°0) 3 GGLEO8TITST 1S706L0T:€T
(1=49) | (0=q) | anpea IVIN (baxy
anfea anfeA | -4 193JJ9 anjea-g 7 3%wyg Sae) spore
-d 332 | -d 199))2 urejy anfeA-4 | uondeIdul 1939 jrexn /AVIN JR[E (393339) (suad sod
urepy urepy ‘py u yurof ypg P qS U] jug ES Paq u pdr1 | [aSeis | 2dudIpey Joury 3saxeau) st Iy 618y
1 38e15 150] UOT}dRIdNUT JuedHIUSIS IpIM-owoudd sisd[eue-eld|y ¢ + [ a8e1s

“/[OWW Ul parnseaw a1am syren} pidr (1) by ur gxna*Og) urre) wonoeINUI Y} JO JUIDIJI0D ©I2q 9092 JU] 10112 pIepuels gS AKouanbaiy spayre Joutw ‘TN (1) b ur
9¢) ur1a) 2s0p I3[ IOUTW ) JO JUIJA00 ©I2q 999739 *((¢) b ur se sdnoid ainsodxa 105 paynens () bg) uonoeiajur Jnoyym pue ‘A[uo syuedonred (yueqorg M) 1 23e1s Sursn pajenofed are sanfea
-d 1292 UIBIN "o 0T X § > d JO p[oysaIy) 2ouBdYIUSIS IPIM-oWOUS Y} SUTIIW JBIIPUT SAN[BA-J P[OF JUBLIEA PLI] (oL YIIM PI)SI] ST 2USF 1S918U 3 JO SUIeU Y], ‘SISA[eUL-LJOUI I9)JE UOTIDBINUI [I0
USIJ X JUBLIBA JO §1$3) JPT 10J UOISI QA T © UTIIM UONRID0SSE PBI[ ) JuasaIdar sjueriea pajsr s[aad] pidif pooyq pue uonejuawapddns [1o ysiy usamiaq uonderayur JuedyruSis [Iim 0o 1 qe],

5/20

March 24, 2021

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009431


https://doi.org/10.1371/journal.pgen.1009431.t001
https://doi.org/10.1371/journal.pgen.1009431

Gene-diet interaction GWAS of fish oil on lipid traits

PLOS GENETICS

200¥ LE¥6001 uabd'[euinolyL2€1°01/610"10p//sd]y

(yuerrep
10 It I 182 00D | S€100 ISUISSIIN 0V DT V)
-H0T'T -ASYY | -490°€ | T96€L | -HO8'T L0-H8SV 19C1°0 | £8S'T- | 1€890°0 | 66S1°0 | SPCI8 | 0L | /9TC00 e (8120°0) 8 COTTYSLLST 8LTTI80L9LT
(yuerrep
20 LT LT (1Y4 4D | €£00°0 uonuy Fzdsn)
-d88°T -A¥0°'6 | -H6T'T | T96€L | -HPTT 0010 €09T°0 | £SO'T- | ¥80T°0 | 98850°0- | S¥CI8 | "IOL | /€IT0°0 3 (6010°0) ® LEST080€GST 012€8SSS°T
(uerrep
WEISUMO(]
10 90 L0 €S ¥500°0 4005 FNTdVH)
-490°T -46S°T -H16°€ | 806EL || -HLTY 90-d¥9°'1 99€T'0 | LE9'T | LST60°0 | TT690°0- | TETI8 | SOV.L | /60100 2 (¥010°0) 2 6107F8IT 181 8L159¢61:61
(yuerrep
S0 A 14 €1 €£70°0 ASUISSIN ‘Y IdVIN)
-H8T'S “HE0'T | CHLL'S | 806€L | -HIE'T ¥¥010°0 CCIT'0 | 9TT9°0 | €70S0°0 | TOTI'0 | TOTI8 | SOVL | /L¥C00 3 (6¥20°0) 1 00T20L5G8T LTLOT8EY ST
L0 0 95 60 75000 (Juerrep uonuy
-469°¢ -AIET | -H0S°€ | 806€L | -HS8YV'T £T1800°0 SELT'0 | 6L06°0- | 6SET'0 | T€STO | TOTI8 | SOV.L | /80100 3 (€010°0) 2 | :€XIS) €0TBTOFFIST | 0909T69TTTT
(yuerrep uonuy
70 (44 ST (4} 8¥10°0 :126986,01D0T)
-d¥8°C AT | -HS6'T | 806€L | -HEST'E C0-HCLT 61¢T0| 1160 | TPCLOO| CBIT'O- | CT6TI8 | SOVL | /05100 8 (S100) ® PLOV80TY 181 091894618
(uerrep
10 L0 L0 i 7€00°0 uonuy :gIzZvey)
“HL9'T -d¥9°L -H89'9 | 806€L | -HE6'E ¥0-949°C POPT°0 | CIOT | €8160°0 | S9T90°0- | T6TI8 | SOV.L | /0TI00 3} (¢110°0) 2 90988LLTTST TLLTT6TLL
(yuerrep uonup
10 81 1T 143 1010°0 S0£586201D0T)
A -dv¥'8 -d6¥'6 | ¢e8¢L | -d8SL C0-dLLT 6C€1'0 | SSO'T- | 18€80°0 | T1S0T°0- | CIOI8 | TAT /10°0 5 (100)3 ceITs6cIIst 0908615761
(yuerrep
€0 1C (44 1€ 1000 uonuy Hdsn)
“dCLY -4€T9 | -HI0°C | Te8EL | -H89'T §Cero 09€T°0 | €€T'T- | 69880°0 | €5¥£0°0- | CIOI8 | TAT /1100 3 (T10°0) ® LESV080€GST 012€8SSS°T
20 80 60 91 900°0 (yuerrep uonuy
-d89°S -d8L°T -d€0°e | ¥PSL9 | -HSLT 20-d81% €6250°0 | 9€€€°0- | TS6T0°0 | LTE90°0- | ¥C8FL | TAH | /91100 8 (110°0) > | :XAd) 6L68EVLYIST | LLTI90THLI
70 €1 LT 91 25s00°0 (yuerrep uonuy
-H00'T “HOT'T | -HIT9 | PPSL9 | -HEO'L [4454\] C16S0°0 | L8EF'0 | T6L£0°0 | TLYSO0- | #C8%L | TAH | /L0100 3 (2010°0) 2 | :€XIS) €0T8TOFFIST | 0909T69TTTT
€0 w ¥T 8T 9110°0 (ureansdn qL1z~
-400°¢ “ALY'E | CHTLS | PPSLO | -HIV'S C0-48%'1 11€S0°0 | 6€T¥°0- | 169200 | €0080°0- | ¥C8%L | TAH | /LETO0 3 (SET0°0) ® | “IdT) €S8098LITST | F0TTTLOI'8
(yuerrep\
10 60 60 61 89¢0°0 uonuy FARYD)
-4yTe -Hev'e | -H86'€ | ¥PSLO | -HET'T €£800°0 6L¥%0°0 | 87€C°0- | S6LT0°0 | C88€0°0- | ¥T8%L | TAH | /L9€0°0 e (£5€0°0) 3 G0LSL9STIsT 616¥607¢:9
(t=9) | (0=9) onpea IVIN (baxy
anpea anpeA | -g 3199559 anpeA-g z38e1g Sae) apore
-d 199333 | -d 199133 | urepy anfea-4d | uomndeIdur SRE) 1o yeny | /IVIN J[e (399339)
urepy urepy py u jurof yJpg IPI qS Uy g s FRE) 1 | u pidry | 198eys | soudxdyey | Jourpy | (duaf ysaxeau) (qrsa | sod:ayd 618y
138e15 O] Juedrjrudis Ipim-swroudd pajeosrjdax sisA[eue-e)dA ¢ + [ I9els

“/[OWW Ul parnseaw a1am syren} pidr (1) by ur gxna*Og) urre) wonoeINUI Y} JO JUIDIJI0D ©I2q 9092 JU] 10112 pIepuels gS AKouanbaiy spayre Joutw ‘TN (1) b ur
9¢) ur1a) 2s0p I3[ IOUTW Y} JO JUIOFA00 ©32q 999737 "((¢) b ur se sdnoid ainsodxa 105 paynens ¢(7) b) uonoeisjur Jnoyym pue ‘A[uo syuedonred (yueqorg M) 1 23e1s Sursn pajenofed are sanfea
-d 132 UIBIN "o 0T X § > d JO p[oysary) 2ouBIYIUSIS IPIM-oWOUDS Y} SUT)IIW JBIIPUT SAN[BA-J P[OF JUBLIEA PL] (oL YIIM PI)SI] ST 2UF 159189U 3 JO SUTeU Y], ‘SISA[EUL-LJOUI J9)JE UOTIOBINUI [I0
ST} X JUBLIEA JO S$3) JP 10J UOISI QIA-T © UIYIIM UOLBIDOSSE Pea] Y JuasaIda syuerrea paisr] *s[aAd] pidif poojq pue uonjejusursjddns [10 ysiy uaamiaq 153 jurof ypg Juesyrudis YIim 0o ‘g Aqe],

6/20

March 24, 2021

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009431


https://doi.org/10.1371/journal.pgen.1009431.t002
https://doi.org/10.1371/journal.pgen.1009431

PLOS GENETICS

Gene-diet interaction GWAS of fish oil on lipid traits

4 LD Ref Var
q|e10>r=08
||e08>r=06
©06>r204
q|e04>rz02
||e02>r=00

© no 12 data
T

-log10 p-value

¥
2060

ZMYM2—
«—KRR1P1
AL138688.2—
L/Ncol10724

C

4 LD Ref Var

e .

—GJA3

Recombination Rate (cMIMb)

Chromosome 13 (Mb)

«~GJB6 «—CRYL1
—PPIAP28

LINC00556—

~GJB2
H

o)

16:56014455_A/G ’

-log10 p-value

7| @ nor2data

|| ¢ LD Ref var

©1.0>r2208

J|eo08>r=06

©06>r2204

J|e04a>r=02

©02>r2200

72.90

FZD9—

—BAZ1B

D

4 LD Ref Var

RNUG-1198P—

g
b

Recombination Rate (cMIMb)

773020301 T/C ‘
°

°
°

(]
[}

@

°

°

8 & 38 8

7320

73.00
Chromosome 7 (Mb)

«TBL2 VPS37D— «—RN7SL265P CLDN4—

—MLXIPL «—DNAJC30 «—CLDN3

~BCL7B «—AC005089.1 BUD23—

—STX1A

g

©10>r2208
©08>r206
©06>r2204
©04>r2202
©02>r2200 °
© no r2 data & o

-log10 p-value

56.80 56.90

Chromosome 16 (Mb)

MT1X— NUP93—

AC026461.1— MIR138-2—

DPPAZPA—

«AC106779.1

SLC12A3—

©1.0>r2208
©08>r2206
©06>r2204
©04>r2202
©02>r2200
© no 12 data

S

-log10 p-value

°

Recombination Rate (cMIMb)

Recombination Rate (cMIMb)

67.10
Chromosome 17 (Mb)

¥
57.00 86.90

—AC023825.2 —ABCA8 —ABCA9 —ABCAB «—PRO1804

HERPUD1— NLACS— ABCA9-AST— «—AC005495.1 «—ABCA10

CETPex MIR45248— —ABCAS

HHH |

AC012181.3—

AC012181.1—

«AC023825.1

Fig 2. LocusZoom for genome-wide significant (P < 5 x 10~®) replicated gene-fish oil interaction loci. (A) rs112803755 x fish oil and TAGs, stage 1 + 2
1df tests (n = 81,192). (B) rs799157 x fish oil and LDL-C, stage 1 + 2 1df tests (n = 81,012). (C) rs148931404 x fish oil and HDL-C, stage 1 + 2 1df tests
(n =74,824). (D) rs77542162 x fish oil and LDL-C, stage 1 + 2 1df tests (n = 81,012).

https://doi.org/10.1371/journal.pgen.1009431.9002

C>T; MAF = 0.0407) with LDL-C, rs77542162 (ABCA6; A>G; MAF = 0.0218) with LDL-C,
and rs148931404 (SLC12A3; G>A; MAF = 0.0221) with HDL-C (Table 1 and Fig 2). In the dis-
covery cohort, the minor allele of SNP rs799157 is associated with an increase in LDL-C (Bg =
0.057 mmol/L, P = 3.33x10"®) after adjusting for fish oil supplementation status and other
covariates. Less significant associations were observed in the stratified groups with fish oil sup-
plementation (Bgg-1) = 0.087 mmol/L, P = 8.14x10™%) and in those without (BgE=0) = 0.052
mmol/L, P = 5.36x10~°). Meta-analysis confirmed the presence of main effect and revealed

an interaction effect (1df P = 1.92x107", 2df P = 1.93x10™>>). Similarly, SNP rs77542162 is
associated with an increase in LDL-C in the overall discovery cohort (Bg = 1.41 mmol/L,

P =5.40x10"%), in those without (Bg(g—q) = 1.50, P = 4.24x107>") and with (Bge-1) = 1.11,

p = 1.55x107°) fish oil supplementation. Meta-analysis revealed genome-wide significance

in both tests (1df P = 4.48x1077, 2df P = 6.58x10~%°). For HDL-C, there is only one SNP,
rs148931404, that reaches genome-wide significant 1df P-value (1.82x107') in the meta-anal-
ysis. It is associated with an increase in HDL-C in the overall discovery cohort (Bg = 0.049
mmol/L, P = 2.70x10~"°), in those without (B(g—q) = 0.045 mmol/L, P = 5.67x10™"?) and with
(Bge=1) = 0.071 mmol/L, P = 3.49x107°) fish oil supplementation. The three variants with
both significant 1df and 2df P-values are mainly driven by main effects, as reflected by the
much more significant 2df P-values and the consistent associations across subgroups in UK
Biobank. All four loci have been previously found to be associated with the corresponding
lipid. Overall, we unraveled novel gene-fish oil interaction effects for four previously known
lipid-associated genetic loci.
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There are 11 unique genetic loci whose 2df joint test P-values reached the genome-wide sig-
nificance cutoff (P < 5 x 10~®) but their 1df interaction test P-values did not. For instance, a
SNP upstream of LPL rs117860853 is associated with a decrease in HDL-C in the overall
discovery cohort (Bg = -0.078 mmol/L, P = 5.72x107%%), in those without (BG(g=0) = -0.081
mmol/L, P = 3.47x10~%) and with fish oil supplementation (Bg(E=1) = -0.063 mmol/L,

P =3.00x10">). Meta-analysis revealed that this SNP has a significant main effect but no inter-
action effect (1df P = 0.015, 2df P = 5.46x107%%). Notably, two loci have 1df interaction test P-
values that are close to the genome-wide significance level. SNP rs141844019, downstream of
HAPLN4, has a suggestive interaction effect on TAGs (Bgxg = 1.64 mmol/L, P = 1.64x107°),
while SNP rs77542162, a missense variant of ABCA6, may have an interaction effect on total
cholesterol (B = -1.59 mmol/L, P = 4.58x1077). All these significant 2df replicated loci
(Tables 1 and 2) were within 1 Mb of one or more previously reported loci associated with the
same blood lipid phenotype and are therefore not reported as novel.

rs112803755 modifies the effect of fish oil on TAGs

Using TAG levels as a phenotype, the locus of 11 significant variants whose lead SNP is
rs112803755 (GJB6: 5650 bp downstream; A>G; MAF = 0.0410) has a significant 1df interac-
tion P-value (5.65 x 10™'°), while its 2df joint P-value is not significant (P = 0.0124) (Fig 3A).
Its fish-oil adjusted main effects model SNP term is not significant (P = 0.600), and in a
stratified analysis the P-value is lower in the fish-oil supplementation exposure group
(P =5.59 x 107°) than the non-supplementing group (P = 2.42 x 10”2 (Fig 3A). This evidence
suggests that this locus is involved predominantly with interaction effects but not main effects.
The rs112803755 locus has significant TAG-lowering effect in those who supplement
fish oil versus those who do not when considering AA vs. AG genotypes (Fig 3B and
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S7 Table). Since this variant has low MAF (~4.1%), homozygous individuals of GG geno-
type are rare. TAG levels were significantly higher in AG heterozygotes who did not take
fish oil (A% g, = +0.04 mmol/L) versus those who did (Ax;,, = —0.111 mmol/L). How-
ever, with respect to rs112803755, while fish oil supplementation is associated with lower
TAGs in heterozygous individuals, it has a slight opposite effect in AA homozygotes
(A, = +0.0197 mmol/L; P = 0.0258).

rs112803755 eQTL mapping

To evaluate if regulation of gene expression is an underlying molecular mechanism for the
interaction locus whose lead SNP is rs112803755 (Table 1), we interrogated the association of
these genetic markers with expression levels of nearby genes using data from the Genotype-
Tissue Expression (GTEx) project. For the 11 genetic markers in this locus with genome-wide
significance of interaction with fish oil, all of them are exclusively associated with the expres-
sion of GJB2. Expression quantitative trait loci (eQTLs) for GJ/B2 were found in multiple tissues
but the strongest signals were observed in subcutaneous adipose, which overlap with the signif-
icant interaction signals (Fig 4A). rs112803755 is associated with GJB2 expression in subcuta-
neous adipose (P = 7.7 x 107 F ig 4B), while another interaction SNP in this locus, rs7987144
(G>A; MAF = 0.0375), has an even stronger association (P = 2.6 X 10725 Fig 4C). Both of
these SNPs show increased GJB2 expression with increased minor allele dosage. These eQTLs
results indicate that regulatory variants of GJB2 are likely responsible for the interaction signals
at this locus.

Discussion

In this gene-diet interaction GWAS, we identified and replicated novel interaction loci, in
which fish oil supplementation affected levels of continuous lipid traits in a large Caucasian
cohort. We found one locus, rs112803755, with a significant interaction effect but a non-signif-
icant main effect, suggesting that the presence of minor alleles at this locus can enhance the
TAG-lowering effects of fish oil supplementation. We found three additional new significant
interaction loci related to LDL-C and HDL-C levels, though these appear predominantly influ-
enced by main effects (Table 1).

rs112803755 is found 5.65 kb downstream from GJB6, or alternatively 23.3 kb upstream
from GJB2. It is also in high LD with variants found in the other genes in the G/B6-GJB2-GJA3
gene cluster at 13q12.11 (Fig 2A). GJB6, GJB2, and GJA3 are connexin (Cx) gap junction pro-
tein-coding genes that encode Cx30, Cx26, and Cx46, respectively. Cxs are responsible for
forming hemichannels across gap junctions to enable the exchange of messenger molecules
between adjacent cells. An n-6 LCPUFA, linoleic acid, has been shown to increase hemichan-
nel activity of Cx26 in HeLa cells [23], and n-3 LCPUFAs lowered the expression of another
connexin, Cx43, in rats with hypertriglyceridemia [24]. Genetic polymorphisms in another Cx
gene are associated with protective effects on cardiovascular disease [25]. It is therefore plausi-
ble that changes in n-3 LCPUFA status induced by fish oil supplementation could interact
with one Cx in this cluster to affect TAG levels. Although our analysis supports the likely pres-
ence of a regulatory variant, we also cannot rule out the existence of a causal coding variant.

rs799157 is a synonymous variant in exon 6 of MLXIPL, whose gene product is known as
Carbohydrate-responsive element-binding protein (ChREBP). We found this variant has a sig-
nificant interaction effect of fish oil on LDL-C. Variants in MLXIPL have previously been asso-
ciated with changes in LDL-C and TAGs [26,27]. Intracellular levels of PUFAs are known to
suppress ChREBP transactivity, though the molecular basis for this is not defined [28,29].
GTEx reveals that SNPs in this locus are significantly associated with increased expression of
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Fig 4. The gene-fish oil interaction locus with lead SNP rs112803755 overlaps eQTLs of GJB2. (A) Genetic variants significantly associated with the expression
of GJB2 as detected in the GTEx project. Colors indicate the tissues or cells. For variants with significant association in more than one tissues, the most significant p
value is shown. The association of (B) rs112803755 and (C) rs7987144 with the expression of GJB2 in subcutaneous adipose tissues.

https://doi.org/10.1371/journal.pgen.1009431.9004

TYWIB. Specifically, increased minor allele dosage at rs799157, which we found to be associ-
ated with lower LDL-C levels, is most significantly associated with higher TYWI1B expression
in subcutaneous adipose tissue. TYW1B is a tRNA-yW synthesizing protein coding pseudo-
gene involved in wybutosine synthesis, whose characteristics are not well-studied. This evi-
dence suggests biological support for the ChREBP coding variant, while the regulatory variant
for TYW1B is unlikely to be the causal variant.

rs148931404 is an intron variant of SLC12A3 which we found to be associated with lower
HDL-C levels. This gene has previously been associated with HDL-C in a large multi-ethnic
GWAS [6]. SLC12A3 encodes the sodium-chloride symporter protein. We did not find any
plausible underlying biological mechanism for this variant. rs77542162 is a missense variant in
ABCAG6 that we found to be associated with LDL-C. This variant has been reported in several
GWAS studies in relation to LDL-C levels [6,7] and also in a 2df test joint GEI test with alcohol
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consumption [30]. Therefore, it is likely that this SNP is driven by main effects as ABCAG is
thought to be regulated with macrophage lipid homeostasis [31].

Fish oil supplementation for treatment of hypertriglyceridemia has long been recognized
[32]. Recent studies suggest that EPA and DHA have differential effects on HDL-C subfrac-
tions, but their overall effects on cardiometabolic lipid risk markers remain unresolved [33],
despite dozens of human trials. Nearly all studies to date ignored genetic variants and focused
on random cross sections of the population. Our unbiased study identified a variant modulat-
ing TAG levels, the only one of the lipid biomarker traits examined that is known to be clearly
related to fish oil intake. Further, we identified variants modulating HDL-C and LDL-C,
though these effects require further study. Overall, our study found no strong variants that
may modulate LDL-C or HDL-C differentially between individuals based on fish oil supple-
mentation status, thus supporting the hypothesis that EPA and DHA effects on these biomark-
ers are well represented by clinical trials that do not consider interaction with genotype. Our
findings emphasize that a one-size-fit-all recommendation of fish oil supplementation to
reduce TAG may not be appropriate. While individuals who are heterozygous (AG) at SNP
rs112803755 experience a reduction in blood TAG when taking fish oil supplements, homozy-
gotes of AA actually experience an increase. Based on the strong relationship between TAG
and cardiovascular diseases, it is natural to hypothesize that the same genetic locus at G/B2
might interact with n-3 LCPUFAs intakes to have differing effects on the risk of cardiovascular
diseases. This is a promising hypothesis calling for direct tests in future studies.

Our study has several strengths and weaknesses. One strength granted by the UK Biobank
is a large sample size with two data points taken several years apart for fish oil supplementa-
tion. This makes our discovery dataset quite robust and reduces the measurement error of our
environmental exposure, which is an important consideration for GEI studies [34]. The ARIC
data is less reliable, with only one fish oil data point. A weakness that we recognize is that other
dietary quantities of n-3 and n-6 PUFAs are difficult to ascertain, and may interfere with the
effects of fish oil. Another limitation of this study is that the ratio of samples in the discovery
and replication cohorts is about 10:1. Currently, datasets which provide participant genotype
data, fish oil supplementation use, and blood lipid measurements, are rare. Despite the differ-
ence in sample size between the UK Biobank and ARIC datasets, each is sufficiently powered
to identify significant variants, with the exception of those which are rare or have low effect
sizes. Previous gene-diet interaction studies of fish oil have had participants in the hundreds
[8], and this is the largest fish oil interaction GWAS to date. One additional weakness is that
there may be heterogeneity in the dosage of n-3 LCPUFAs provided by fish oil supplements.
These limitations of exact nutrient quantification are present in most nutritional studies which
rely on food frequency questionnaires and/or 24-hour recall surveys. Lastly, as in any other
association study, ours is associative in nature and could not pinpoint the causal environmen-
tal exposure or the genetic variant [35]. We only examine one environmental exposure in this
study, fish oil supplementation, which is correlated with many other lifestyle factors [36]. It is
possible that other unexamined but correlated environmental factors drive the observed inter-
action effects, highlighting the need to perform interaction analysis with more environmental
factors. However, our novel results make biological sense and many can be placed in a plausi-
ble mechanistic context. Finding significant interactions associated with the genes G/B2 and
MLXIPL, which have been shown to be regulated by PUFAs, is a validation of our approach.

Our study unravels novel gene-diet interaction effects for four genetic loci, whose effects on
blood lipids are modified by fish oil supplementation. Such results lend further support to the
practice of precision nutrition to catalyze nutrition science into meaningful and clinically rele-
vant dietary suggestions [37]. Personalizing and optimizing fish oil supplementation recom-
mendations based on a person’s unique genetic composition can improve our understanding
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of nutrition, and lead to significant improvements in human health and well-being. Once vali-
dated, these variants in G/B2, SLC12A3, ABCAG6, and MLXIPL, will contribute to our under-
standing of how accounting for genetic differences can allow every person to implement their
optimal nutrient intake. Accounting for interaction effects can also help us better understand
biological processes leading to disease, and improve the accuracy of future risk prediction
models.

Methods
Ethics statement

Use of participant data was approved by the University of Georgia Institutional Review Board,
UK Biobank (Project ID 48818), and the National Center for Biotechnology Information. Par-
ticipants of UK Biobank and the Atherosclerosis Risk in Communities Study (ARIC) have
signed written consent forms authorizing the use of their medical and genetic data for use in
research studies. All methods were performed securely and in accordance with ethical guide-
lines and regulations.

Participants

UK Biobank is a prospective cohort study which recruited > 500,000 volunteer participants
between 2006 and 2010 in England, Scotland and Wales. Biochemical, clinical, and genotype
data were collected. ARIC is a prospective cohort study conducted in four U.S. communities,
which began in 1987 and continued to 2007. ARIC participants were randomly selected from
pre-defined populations to have medical, social, and demographic data collected. All partici-
pants were 40 to 70 years of age at the time of assessment. Participant characteristics can be
found in S1 Table.

Participants were quality controlled on the following criteria: genetic ethnicity is Caucasian,
used in PCA analysis, not an outlier for heterogeneity and missing genotype rate, no sex chro-
mosome aneuploidy, does not have high degree of genetic kinship (ten or more third-degree
relatives identified), and self-reported sex matches genetic sex. Additionally, we removed the
minimum number of participants to eliminate all related pairs.

Phenotypes

All continuous blood lipid measures are reported and analyzed in mmol/L. For stage 1 partici-
pants, lipid measures were collected during the UK Biobank Assessment Centres initial assess-
ment from 2006-2010. Blood lipids were analyzed by direct aliquot assays in UK Biobank
participants using a Beckman Coilter AU5800. LDL-C was measured by enzymatic protective
selection analysis; HDL-C was measured by enzyme immunoinhibition analysis; total choles-
terol was measured by CHO-POD analysis; TAGs were measured by GPO-POD analysis.

For ARIC participants, plasma was ultracentrifuged to obtain VLDL-free infranate. LDL-C
was precipitated by addition of dextran sulfate and Mg>* to separate an HDL-C supernate.
HDL-C was re-precipitated with dextran sulfate and Mg**, and separated by centrifugation.
LDL-C levels were calculated using the Friedewald equation. TAGs and total cholesterol were
processed and their levels measured by spectrophotometry as described in the ARIC manual
for Lipid and Lipoprotein Determinations [38].

LDL-C was adjusted for those who self-reported the use of statins or lipid-lowering drugs as
described in [19]; this adjustment was performed in 9,951 UK Biobank participants and 316
ARIC participants. No adjustments were made for other lipids.
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Fish oil supplementation status

Blood LCPUFA levels were not taken in UK Biobank or ARIC cohort studies. Because omega-
3 content in dietary intake can vary significantly depending on animal feed quality (e.g. egg
laying hens fed an omega-3 rich diet), as well as source (e.g. wild or farmed raised salmon)
[39-42], and since neither dietary questionnaire specifies these details, we use fish oil con-
sumption as a minimally confounded contributor to EPA and DHA consumption [43].

Dietary intake data for UK Biobank participants was taken at two time points approxi-
mately 3-4 years apart. Participants were asked of their supplement use, including fish oil, in
their health and medical history questionnaire at the initial assessment, "Do you regularly take
any of the following? (You can select more than one answer)" (£6179). An online follow-up
assessment which included the Oxford WebQ, a digital 24-hour dietary recall questionnaire,
was completed by UK Biobank participants on a voluntary basis between 2011-2012 [44,45].
Participants self-reported their use of dietary supplements from the preceding 24 hours
(£.20084). Those who answered yes to fish oil supplementation at both time points were coded
as 1, those who answered no at both points were coded as 0, and those with different answers
were excluded from our analysis (S3 Fig).

ARIC participants indicated their fish oil supplementation status at one time point during
their primary assessment. Participants were asked “Do you regularly take fish oil? (Including
omega-3 fatty acids, EPA, cod liver oil).” in the “Vitamin Survey Form” at the date of their pri-
mary assessment between 1985-2007.

Covariates

Covariates used in our association analyses were age, sex, body mass index (BMI), weekly serv-
ings of oily fish, socioeconomic status measured by Townsend deprivation index, and the first
ten genetic principal components. BMI is measured in kg/m’, and was transformed using
ordered quantile normalization for ARIC participants. Weekly servings of oily fish were con-
verted to ordinal variables ranging from 0 (none) to 5 (more than one serving per day).
Genetic principal components were provided in the original genotype data of both cohorts.

Genotype data

The first 50,000 UK Biobank participants of the full study cohort were genotyped using the
Affymetrix UK BILEVE Axiom array, and the remaining 450,000 participants were genotyped
using the Affymetrix UK Biobank Axiom array; the two arrays are more than 95% similar in
their variant content. Imputation and initial quality control of UK Biobank SNPs were per-
formed by a collaborative group headed by the Wellcome Trust Centre for Human Genetics.
We excluded autosomal SNPs with imputation quality score < 0.5, minor allele frequency
(MAF) < 1%, missing genotype per individual > 5%, missing genotype per variant > 2%, or
Hardy-Weinberg equilibrium (HWE) P < 1x10°. After quality control, a total of 7,954,107
autosomal variants among 73,962 participants were included in the analyses. Our quality con-
trol and genotype file format conversions were performed using PLINK2 alpha-v2.3 [46-48].
ARIC participants were genotyped using the Affymetrix GeneChip SNP Array 6.0. Before
imputation, quality control removed variants with missing rate > 10%, or MAF < 1%, and
individuals with missing genotype rate > 80%. After quality control, genotypes were imputed
to the ALL ancestry panel of the 1000 Genome Phase III integrate Release Version 5 [49] using
MiniMac software [50]. After imputation, SNPs with r* < 0.50, MAF < 1%, or HWE
P < 1x107° were removed.
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Stage 1 analysis

Stage 1 analysis included up to 73,962 UK Biobank participants and up to 7,954,107 variants
after quality control (S1 Table).

Interaction regression was performed for each variant using QuickTest (v1.2) according to
the following fixed effects GWAS interaction model:

Y:BO+BGG+BEE+ZBCka+BGxEGXE—|—8 (1)

where Y is a measure of lipid traits (LDL-C, HDL-C, total cholesterol, and TAGs), G is the
effect variant count (0/1/2), E is a binary variable representing fish oil supplementation status
(0/1), Cy are covariates, and GxE is the GEI term (54 Fig). Regression coefficients and P-values
were calculated using QuickTest normal mean method for expected genotype dosages; this
method is implemented to reduce false positives [51]. Robust Huber sandwich estimates of the
variance-covariance matrix were generated.

Main effects adjusted by E were calculated according to the fixed effects model:

Y =B+ BsG+ BE+ZByC, +e (2)

Main additive variant effects, and variant effects stratified by (E) were also calculated using
the generalized fixed effects model:

Y:B0+BGG+ZBCka+8 (3)

These main effects models were performed using the same QuickTest normal mean
method.

Joint P-values of main and interaction effects (Bg and Bg«x) were calculated according to a
2df y* distribution which corrected for the determinant of the covariance matrix between
these two terms [18]. Genomic control was applied to Stage 1 2df joint P-values for each lipid
phenotype. Variants reaching P < 1 x 107° in either the 1df interaction test or 2df joint test
were advanced to replication in Stage 2.

Stage 2 analysis

Stage 2 analysis included up to 7,284 ARIC participants, and 48,608,505 variants (S1 Table).
Participants were filtered on the basis of their ethnicity (white) only. Additional quality
control on samples and genomic data (as in Stage 1) was not conducted, because these
filters are meant to reduce the rate of false positives, which was not relevant for Stage 2 repli-
cation. Regression coefficients and P-values were calculated using QuickTest normal mean
method. Variants advanced from Stage 1 which also had a P < 0.05 in the 1df interaction
term in the ARIC cohort were advanced to joint meta-analysis between the two cohorts in
Stage 1+2.

Meta-analysis of stage 1+2

METAL meta-analysis software (2010-02-08) [52] was used to perform a meta-analysis of
those associations with P < 1 x 10”° in 1df interaction and/or 2df joint tests in Stage 1, and

P < 0.05 in 1df interaction test in Stage 2 (patch provided by A. Manning to enable 2df GEI
testing [18]; genome.sph.umich.edu/wiki/Meta_Analysis_of SNPxEnvironment_Interaction).
Stage 1+2 meta-analyses were performed using a weighted z-statistic by sample size [52].
Genomic control was applied to all meta-analyses as implemented by METAL. Associations
exceeding the genome-wide significance threshold of P < 5 x 10~° were passed to FUMA to
identify the lead SNP for each locus.
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Identifying lead SNPs

Variants exceeding the genome-wide significance threshold of P < 5 x 10~° were inputted
to FUMA to identify independent loci and their lead SNPs [53]. Lead SNPs are defined as
the SNP within a locus having the lowest P-value. UK Biobank release 2b 10k White British
was used as the reference panel population. The maximum P-value cutoff was set to 0.05,
and a first threshold of 7* > 0.6 and second threshold of 7* > 0.1 were used to define inde-
pendent significant SNPs. The maximum distance between LD blocks to merge into a locus
was < 1Mb.

Identifying novel variants

For replicated and non-replicated variants with joint meta-analysis P < 5 x 10™%, GWAS Cata-
log [54] was used to identify novel variants. Gene-fish-oil interaction variants were checked in
a literature search for their novelty. Variants within 1Mb from previously published variants
associated with the same trait were considered to be non-novel.

Additional analyses

The R package qqman v 0.1.4 was used to generate Manhattan plots and QQ plots [55].
Regional loci plots were made using LocusZoom [56]. Data analysis was conducted in R v3.6.1
[57]. The Genotype-Tissue Expression Project (GTEx) data used were obtained from the
GTEx Portal on 04/29/20 [58].

Supporting information

S1 Fig. Manhattan plots for Stage 1 1df interaction term P-values and 2df joint test P-val-
ues for lipid traits. Plots show post-genomic control values.
(TIF)

S2 Fig. QQ plots for Stage 1 1df interaction term P-values and 2df joint test P-values for
lipid traits. Plots show post-genomic control values.
(TIF)

S3 Fig. Fish oil supplementation taken at two time points. The number of UK Biobank par-
ticipants who responded yes/yes, no/no, yes/no, and no/yes to the two dietary assessment time
points at the initial assessment and in the 24-hour follow-up questionnaire are shown. Num-
bers reflect the total number of participants who answered in both assessments, but not the
number of participants used in this study after quality control.

(TIF)

$4 Fig. Visualization of the GXE interaction regression model. Y = , + BcG + BgE + =
BkCik + BoxeGXE + €, where Y = phenotype, G = minor variant dosage (0/1/2 coding),

E = environmental exposure, C, = covariates, and GXE = interaction term. In this study, Yisa
continuous lipid trait, and E is a binary variable representing the presence or absence of self-
reported dietary fish oil supplementation.

(TIF)

S1 Table. Participant characteristics. Participant characteristics, by blood lipid phenotype,
for those included in GEI analyses for Stage 1 (UK Biobank) and Stage 2 (ARIC). Mean and
standard deviation values are shown for blood lipid phenotypes and for applicable covariates.
(XLSX)
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S2 Table. Numbers of stage 1 significant variants. Variants which passed a significance
threshold of P < 1e-06 in Stage 1 (UK Biobank) are counted here. Significance was assessed
for both 1df interaction terms and 2df joint terms. Variant count and number of independent
loci are shown, as well as unique variants with 1df and 2df tests.

(XLSX)

$3 Table. Numbers of replicated variants. Variants which reached Stage 1 P < 1e-06 (in
either 1df or 2df) and were found to have 1df P < 0.05 in Stage 2 interaction models.
(XLSX)

$4 Table. Numbers of genome-wide significance loci in only Stage 1. Counts of variants and
loci which met the significance threshold of P< 5e-08 in Stage 1 (in either 1df or 2df) but
which were not replicated in Stage 2. Note that no Stage 1 1df P-values reached this threshold
so all variants in this table refer to their 2df joint test P-values.

(XLSX)

S5 Table. Non-replicated genome-wide significant Stage 1 variants. Full details for the loci
counted in Table S4. Effect, beta coefficient of the minor allele dose term (Bg in Eq (1)); MAF,
minor allele frequency; SE, standard error; Int effect, beta coefficient of the interaction term
(BexeGXE in Eq (1)). Lipid traits were measured in mmol/L. All P-values are calculated using
Stage 1 (UK Biobank) participants only.

(XLSX)

S6 Table. Numbers of genome-wide significance loci after meta-analyses. Counts of repli-
cated results reaching genome-wide significance (P < 5¢0-8) in Stage 1+2 meta-analyses. Sig-
nificant variants determined by 1df P-values (top) and 2df P-values (bottom).

(XLSX)

S$7 Table. Data used in Fig 3B. Fish oil status, number of G alleles at rs112803755, mean tri-
glycerides, sample size, standard deviation of triglycerides, and 95% confidence interval for

combined participants from Stage 1 and Stage 2.
(XLSX)
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